1. Introduction {#sec1}
===============

The genus *Sarcocystis* comprises a group of more than 200 species of protist parasites that infect mammals, reptiles, birds, and fish. The genus *Sarcocystis* belongs to the phylum Apicomplexa and comprises species which commonly exhibit an obligatory two-host (predator-prey) life cycle. Herbivore or omnivore prey species as intermediate hosts become infected after ingesting water or food contaminated with oocysts/sporocysts, the typical stage of the coccidia that is the product of sexual development in the definitive host and is released into the environment ([@bib43]; [@bib8]). In the intermediate host, several rounds of asexual replication in internal organs are followed by invasion of the striated musculature by motile stages (merozoites) that initiate the development of stationary cysts, so-called sarcocysts (containing cystozoites), that are characteristic of the genus. These cysts may remain viable in the musculature for the lifetime of the intermediate host until a predatory definitive host would become infected by feeding on the intermediate host, re-starting the life cycle of *Sarcocystis* in its intestine ([@bib8]).

The present study was part of an investigation into Bornean rodents (Rodentia) and non-rodent taxa (here Scandentia: treeshrews) that set out to learn more about their parasite fauna, in particular cyst-forming coccidia. Although some information exists on *Sarcocystis* spp. of commensal rodents in Southeast Asia ([@bib25]; [@bib45]; [@bib13]), little is known about treeshrews, which occupy forested habitats of that region ([@bib12]). The island of Borneo is particularly interesting since it is known as a global hotspot of mammalian biodiversity ([@bib60]). To date, only a single species, namely *Sarcocystis tupaia*, has been reported from treeshrews ([@bib72]). In species-rich tropical lowland forests, several treeshrews are generally sympatric, i.e. occur in both old-growth and secondary/logged forests ([@bib69]). *Tupaia minor* is an arboreal species that occasionally moves on the ground ([@bib68]). In contrast, *T. tana* is a terrestrial treeshrew species with some scansorial activity covering the first few meters above ground and nests located in tree hollows and plant fibers slightly above ground ([@bib12]; [@bib68]). Treeshrews occupy a relatively low position in the food-web and frequently fall prey to a variety of tree-dwelling predators, including mammalian carnivores, like the yellow-throated marten (*Martes flavigula*) and small cats (i.e. *Pardofelis marmorata* and *Prionailurus bengalensis*), snakes, and birds like raptors or owls ([@bib12]). This scenario appears likely to create ideal conditions for the presence of *Sarcocystis* spp.

Here, we describe a new *Sarcocystis* sp. in the striated musculature of these hosts based on the results of our histological, ultrastructural, and molecular phylogenetic examinations. We compare this species with other known *Sarcocystis* spp. from other hosts, also including data on the structure and sequence variability of the selected genes (nuclear 18S rRNA and mitochondrial Cytochrome C oxidase subunit I \[COI\]) and comment on their utility for species delineation in the context of the clade of *Sarcocystis* spp. examined here.

2. Materials and methods {#sec2}
========================

2.1. Ethical statement {#sec2.1}
----------------------

Biological resource access and export permits were issued by the Sabah Biodiversity Centre (JKM-MBS.1000--2/2 \[35\], JKM-MBS.1000--2/2 \[63\]); access to forest field sites were approved by Sabah Parks and individual land owners. Trapping and examination of caught animals took place as part of a larger study to investigate habitat use and distribution of small mammal species across land-use gradients in Northern Borneo, Sabah, Malaysia ([@bib70]). Captured animals were transferred to nearby mobile field laboratories inside their traps covered by a cotton cloth, moved from the traps into small cotton bags and further into a plastic container for subsequent anaesthesia via diethyl ether inhalation (anaesthetic grade) and killed by cervical dislocation (according to guidelines by the American Veterinary Medical Association, <https://www.avma.org>).

2.2. Study area, trapping of animals, and tissue sampling {#sec2.2}
---------------------------------------------------------

Between 2012 and 2013, treeshrews (*Tupaia* spp.) and other small mammal species (rodents) were live-trapped using locally made drop-door, wire-mesh traps (ca. 280 × 140 × 140 mm) baited with mixtures of raw banana, fried banana and dried fish. Traps were set in different habitat types from mature forest to urban habitats, and frequently checked for captures. For each capture location, geographical coordinates were recorded using a GPS device (Garmin GPSmap62st, Olathe, USA). Identification of treeshrews was based on phenotypic characteristics according to [@bib46]. All animal carcasses were dissected and samples of the striated musculature from diaphragm and latero-ventral abdominal wall (Musculus obliquus externus) or M. quadriceps femoris and occasionally laryngeal muscle were fixed and stored in 70% ethanol. Logistically, it was not possible to examine fresh tissues and directly fix them in glutaraldehyde for ultrastructural processing.

2.3. Light microscopy (LM) and transmission electron microscopy (TEM) {#sec2.3}
---------------------------------------------------------------------

Fixed samples of musculature of approximately 1.5 cm³ were trimmed, embedded in paraffin, sectioned at 3 μm, and stained with haematoxylin and eosin (H&E). Striated muscle tissue was generally sectioned in slices of 0.24--0.56 cm^2^ and screened for sarcocysts by LM. *Sarcocystis*-positive samples were further processed for TEM. For this, 2--4 mm³ of muscle tissue were removed from the paraffin blocks and incubated overnight in xylene (Medite GmbH, Burgsdorf, Germany) for deparaffinisation. They were subsequently washed in decreasing ethanol concentrations and again incubated overnight in phosphate-buffered saline until all ethanol was removed. Then the samples were post-fixed in 1% osmium tetroxide (Plano GmbH, Wetzlar, Germany) at 4 °C for 1h 30 min, dehydrated in increasing ethanol concentrations, and embedded in epoxy resin (Carl Roth GmbH & Co. KG., Karlsruhe, Germany). Semi-thin sections (1 μm) were stained with Richardson\'s stain (equal volumes of 1% methylene blue in 1% borax and 1% Azure II; [@bib50]) and examined by light microscopy. Ultrathin sections (70 nm) were double contrasted with 35 mg/ml uranyl acetate (Merck KGaA, Darmstadt, Germany) for 20 s followed by 34.42 mg/ml lead citrate (SERVA Electrophoresis GmbH, Heidelberg, Germany) for 10 min according to [@bib49]. Ultrathin sections were examined via electron microscopy (Tecnai BioSpirit, FEI, Netherlands).

2.4. DNA isolation, amplification, and sequencing {#sec2.4}
-------------------------------------------------

For DNA extraction, samples of 25 μg of striated musculature were used that had been checked for presence of sarcocysts of the novel species by LM and TEM. Samples were washed and rehydrated in distilled water for ethanol removal. Then, DNA was extracted using the commercial kit NuleoSpin® DNA RapidLyse according to instructions of the manufacturer (Macherey-Nagel, Düren, Germany).

Nuclear 18S rDNA sequences were amplified following the protocol of [@bib48] using the primers SarAF (5′-CTGGTTGATCCTGCCAGTAG-3′) and SarDR (5′-GCAGGTTCACCTACGGAAA-3′). The amplicons were cloned using the TOPO TA Cloning® Kit for Sequencing with One Shot® TOP10 Chemically Competent *E*. *coli* (Invitrogen, Glasgow, UK) according to the manufacturer\'s instructions. Ten clones per PCR product were selected and transferred to 20 μl water. The clones were used as template in a PCR as published by [@bib3]. The PCR products were purified (ExoSAP; Thermo Fisher Scientific, Waltham, USA) and Sanger sequenced using the BigDye Terminator v1.1 Cycle Sequencing Kit for Sanger sequencing (Thermo Fisher Scientific, Waltham, USA) and the primers SarAF, SarCF (5′TTAACTGTCAGAGGTGAAATTCTT-3′), SarBR (5′-GGCAAATGCTTTCGCAGTAG-3′) and SarDR ([@bib48]). Sequences were analysed using a 3130xl Genetic Analyzer (Thermo Fisher Scientific, Waltham, USA). Raw sequences were manually checked and refined using MEGA-6 ([@bib62]).

For amplification of the mitochondrial Cytochrome Coxidase subunit 1 gene (COI or *cox1*) we used the primers SF1 (5′-ATGGCGTACAACAATCATAAAGAA-3′) and SRD8 (5′-CATTGCCCATDACTACGCC-3′) published by [@bib17] with minor modifications of his protocol: the MyTaq HS master mix (Bioline, Luckenwalde, Germany) and an annealing temperature of 58 °C. PCR products were purified using Agencourt AMPure beads (Beckman Coulter, Krefeld, Germany), adapter- and barcode-ligated with the LSK109 Kit (Oxford Nanopore Technologies, Oxford, UK), and subjected to direct sequencing on a R9.4.1 flow cell (Oxford Nanopore Technologies, Oxford, UK).

2.5. Sequence alignment, and molecular and phylogenetic analysis of the 18SrRNA and COI genes {#sec2.5}
---------------------------------------------------------------------------------------------

The 18S rDNA sequences of the *Sarcocystis* isolates under investigation were aligned with published Apicomplexan species available at GenBank ([@bib7]) using the multiple sequence alignment algorithm 'R-Coffee' of the T-Coffee web server (version 11.00.d625267/2016-01-11/Revision-d625267-Build 507), which takes into account predicted secondary structures of RNA ([@bib35]; [@bib64]). The alignment procedure was run several times, selecting the alignment with the smallest proportion of ambiguous positions ([@bib64]). Pairwise analyses of transition/transversion ratios (Ti/Tv) included the sequences of *Sarcocystis clethrionomyelaphis* (KP057504, KF309701), *S*. *zuoi* (JQ029112, JQ029113, KU341120), and the new isolates of the *Sarcocystis* sp. from *Tupaia minor* (GenBank accession numbers: MN733816 \[E357-13\] and MN733817 \[E364-13\]). Additional comparisons were run with published sequences of other *Sarcocystis* spp. and *Plasmodium vivax*, for which allelic and paralogous 18S rDNA sequences have been identified ([@bib56]; [@bib52]). All comparisons were executed using the statistics function of the MEGA-7 software package ([@bib29]). Tajima\'s relative rate test ([@bib61]) was carried out with selected sequences to test the hypothesis that a pair of sequences has undergone different rates of evolution. Based on the R-Coffee alignment, we visually mapped to the *Toxoplasma gondii* nuclear 18S rRNA reference molecule (M97703) with its predicted secondary structure ([@bib15]) all bp changes that were observed between the haplotypes of the new *Sarcocystis* sp. (intraspecific variation) and those that occurred between the new sequences and *S*. *zuoi* (KU341120) and *S*. *clethrionomyelaphis* (KP057504) to capture interspecific variation. The original sequences of *S*. *zuoi* (JQ029112, JQ029113) were not included in the latter comparison, because their posterior parts were truncated.

For phylogenetic analysis we included all relevant snake host *Sarcocystis* spp. because initial screening by BLAST ([@bib26]) had shown that the sequences under investigation were highly similar to known 18S rRNAs of this group of taxa. The 18S rDNA sequences of *S*. *zuoi* (KU341120; 1700 nt) and *S*. *zamani* (KU2445241; 1789 nt) from Thailand were excised out of a combined set of sequences after alignment with the homologous sequences of *T. gondii* (M97703) and *S*. *singaporensis* (KY513624). Among the four available sequences of *S*. *zuoi* from Thailand (KU341118-21; [@bib67]) we restricted our analysis to KU341120, because it ranked first in the BLAST search and represented the longest nt sequence from that location. Other taxa included *S. tupaia* (FJ827486; because published sequences FJ827485-88 are identical, only one was included here; [@bib72]), the only known 18S rDNA sequence from a treeshrew to date, members of the '*S*. *neurona* subclade' (e.g., *S*. *lacertae*, *S*. *muris*, *S*. *neurona*, etc.), and *Sarcocystis* spp. with a carnivore-ruminant life cycle. Selected taxa of the Toxoplasmatinae, the fish parasite *Gouissa janae* (AY043206), and species of Eimeriidae served as outgroups. For Maximum Likelihood analysis (ML), the appropriate model for nucleotide (nt) substitution rates was determined employing MEGA-7, using the model with the lowest BIC (Bayesian Information Criterion) and AICc (Akaike Information Criterion, corrected) values. We selected the Hasegawa-Kishino-Yano model with a discrete gamma distribution rate variation among sites and accounting for a proportion of invariant sites (HKY + G + I) over five Gamma categories; site coverage cut-off was 88%--90% (1491--1377 sites of 42 taxa under analysis, respectively). The number of bootstrap replications was set to 1000. With this set up, ML computations were repeated three times. Bayesian Inference (BI) was executed from within MrBayes Version 3.2 ([@bib51]), whereby we selected the general time-reversible substitution model with discrete gamma distribution and invariable sites (GTR + G + I; nst = 6 gamma categories) in addition to an assumed among-site rate variation between different lineages (covarion = yes; the so-called 'covariotide' model, which was found to fit best for the coccidia; [@bib38]). Bayesian Inference was computed in two replicate runs: all sequences were subjected to 1,000,000 Markow Chain Monte Carlo generations (heated chains = 4, chain temperature = 0.2, unconstrained branch length with exponential = 10) with a sampling frequency of 1000; burn-in length was set at 10%. Completion of an analysis was regarded successful, if the average standard deviation of split frequencies remained below *P* = 0.01 and the convergence diagnostic (potential scale reduction factor, PSFR) indicated a good sample of the posterior probability distribution (all values close to 1.0). Resulting trees were visualized using the program FigTree (Version 1.4.2, by Andrew Rambaut, Institute of Evolutionary Biology, University of Edinburgh, UK; <http://tree.bio.ed.ac.uk/>).

Analyses of nt sequences of the Cytochrome C oxidase subunit I gene (COI or *cox1*) were all executed within MEGA-7 software, including alignment of nt or amino acid (aa) sequences with MUSCLE, translation of nt into the corresponding aa sequences using the protozoan mitochondrial (mt) genetic code, application of sequence comparative statistics, and phylogenetic analyses using ML. We used 21 taxa for phylogeny reconstruction, including published COI sequences of the Toxoplasmatinae and Sarcocystinae, with *S*. *pantherophisi* (KU891603) as sole representative of a snake-rodent life cycle. Taxa of the Eimeriidae, Piroplasmida and Haemosporida served as out-groups. The Tamura-Nei model with gamma-distributed rates among sites and a proportion of invariant sites (TN93 + G + I) was selected as the best substitution model (lowest BIC), with three discrete gamma categories. Phylogenetic analyses were executed with and without inclusion of the 3rd codon position to assess its effect on tree topology (site coverage cut-off: 95%). Bootstrap consensus trees were constructed from 1000 replicates.

To check if the amplified COI sequences contained the barcode area of 219 aa in the enzymatically active part of the protein (six alpha-helices connected by five loops; [@bib47]), we first assembled a consensus nt sequence from our identical but length-variable fragments (COI sequences E357-13 and E120-13 together comprise the full consensus; GenBank accession numbers MN732561 and MN732562, respectively). Then, the consensus sequence was translated into the corresponding protein sequence and compared with sequences of similar length of other taxa of the Sarcocystidae.

3. Results {#sec3}
==========

3.1. Host {#sec3.1}
---------

Eight adult *Tupaia mino*r (four male, four female) and six *T*. *tana* (two male, four female) were trapped in Poring Hot Springs (Sabah, Malaysia; geo-reference: 06.04120 N 116.70328 E). Both species were captured at the same site of a primary forest edge next to the park entrance and adjacent to village housing. Seven out of the eight *T*. *minor* and three out of six *T*. *tana* showed infections with *Sarcocystis* spp. in histological sections of the striated musculature of diaphragm, abdominal or thigh musculature. Of the seven positive *T*. *minor*, two showed monoinfections with the new *Sarcocystis* sp. under investigation (sample IDs: E357-13, E364-13), while the other five lesser treeshrews were predominantly infected with the same species, but histologically also exhibited co-infection with other *Sarcocystis* spp. that were not further examined in the present study. In approximately 0.5 cm^2^-sized sections of striated musculature from *T*. *minor* the following numbers of sarcocysts of the new species were counted in the examined host individuals (as depicted by their internal IDs): E351-13 (13 in diaphragm), E352-13 (6--28 in diaphragm), E357-13 (2 in diaphragm), E364-13 (2--3 in diaphragm; 7 to 11 in thigh muscle), E370-13 (9--12 in laryngeal muscle close to salivary gland; 2 to 6 in abdominal muscle), E371-13 (9 in abdominal muscle), E392-13 (3 in diaphragm). Among the three *Sarcocystis*-infected *Tupaia tana*, E70-14 (7 cysts in laryngeal muscle close to salivary gland), E66-14 (6 in thigh) and E120-13 (6 in diaphragm), only sample E120-13 showed monoinfection with the novel *Sarcocysts* species and was used for further analysis. None of the murid rodents (33 *Sundamys muelleri*, three *Niviventer cremoriventer*, two *Maxomys whiteheadi*) trapped at the same time and area were infected with the novel *Sarcocystis* sp. observed in treeshrews.

3.2. Sarcocyst {#sec3.2}
--------------

In histological sections of diaphragm, abdominal or thigh musculature sarcocysts were located inside skeletal myofibers without any apparent inflammatory response ([Fig. 1](#fig1){ref-type="fig"}A). In the cross-sectional plane, the microscopic sarcocysts were spherical to slightly oval, measuring 22--142 μm in diameter (mean = 53.2 ± 28.9 μm \[± S.D.\]; n = 32, five treeshrews). Without the possibility to examine these sarcocysts in their native state we are cautious in describing their shape, but longitudinal sections ([Fig. 1](#fig1){ref-type="fig"}B) showed cigar-shaped cysts with slightly pointed ends that were between 102 μm and 545 μm long (average = 340 μm; n = 4 from two treeshrews). Most of the detected sarcocysts were mature (rarely containing metrocytes), occasionally possessed folds or invaginations, and were septated with chambers containing loosely packed cystozoites ([Fig. 1](#fig1){ref-type="fig"}C, **D**). Under the light microscope, the cyst wall (here: the primary cyst wall including the layer of ground substance underneath) appeared striated due to tightly packed, villous protrusions (VP) that could assume a brush-like appearance, in particular when they were bent down at the interface between cyst wall and host tissue ([Fig. 1](#fig1){ref-type="fig"}C). Accordingly, the thickness of the cyst wall varied, depending on whether VP were fully stretched (3.9--10.7 μm) or bent down (1.8--3.6 μm). The average thickness based on samples in H&E sections from three different hosts was 4.0 μm (±1.9; n = 87 measurements taken from 15 cysts). A conspicuous element was the very thin layer of ground substance (GS) of the cyst wall, which was about 0.3 μm thick in H&E sections ([Fig. 1](#fig1){ref-type="fig"}C and D) and 150--210 nm in ultrathin sections ([Fig. 2](#fig2){ref-type="fig"}A). At the ultrastructural level, the finger-like VP were anchored in the GS by microtubules that extended into each VP ([Fig. 2](#fig2){ref-type="fig"}B). Fully stretched VP were between 4.23 and 6.71 μm long (average 5.02 μm; n = 6 cysts) and 480--640 nm wide (300--400 nm near the tip). The VP possessed a unique electron-dense, U-shaped apical structure, which was about 250 nm wide (plane parallel to layer of GS) and 150 nm long, with a branch diameter of 74--99 nm ([Fig. 2](#fig2){ref-type="fig"}B). Additionally, the surface of the protrusions appeared to bear thorn-like structures ([Fig. 2](#fig2){ref-type="fig"}B). The banana-shaped cystozoites were relatively small, measuring 5.3 (±0.7) x 1.3 (±0.2) μm (n = 85) in H&E sections; they measured 4250 (±650) x 1410 (±120; n = 17) nm in ultrastructural preparations.Fig. 1**Light microscopy of *Sarcocystis scandentiborneensis* sp. nov**. A and B, Haematoxylin & Eosin-stained histological sections of striated musculature; C and D, Richardson\'s dye-stained 1.0 μm thin sections of sarcocysts. A) Tissue section of laryngeal muscle with various sarcocysts in cross section (asterisks), indicating a relatively high density of cysts in this part of musculature. B) Longitudinal section through a sarcocyst, showing a cigar-shaped appearance; however, isolated native sarcocysts, which were not available, may look different. C) Part of a longitudinal section through the tip of a sarcocyst, note the very thin ground substance (arrows) and the fine septae extending into the interior of the cyst (arrowheads); cystozoites (CZ) were loosely scattered within chambers while metrocytes were rarely seen, indicating maturity of the cyst; bars indicate the variable thickness of the cyst wall: the wall was thinner in regions where the villous protrusions were bent (right bar); note that the intense staining at the interface between host cell (HC) and parasite is part of the host cell. D) Cross-section through a sarcocyst showing cystozoites and the cyst wall (bar) including its thin ground substance (arrows).Fig. 1Fig. 2**Ultrastructure of *S*. *scandentiborneensis* sp. nov**. Note, due to ethanol-fixation some ultrastructural details are poorly resolved (e.g. membranes). A) Longitudinal section through the same sample as in [Fig. 1](#fig1){ref-type="fig"}C, showing a gross view of the sarcocyst and its villous protrusions (VP) that are sectioned in different orientations. The inset shows a cross section through various VP that reveals the arrangement of microtubules in their inner core; while in this case 16 microtubules are visible (asterisks), sections through more apical portions of the VP showed lower numbers. B) Longitudinal section through the finger-like VPs that appear to be anchored in the ground substance (arrow) by microtubules (asterisks) that extend into each protrusion; note the electron-dense, U-shaped structure at each tip of the protrusions (arrowheads) and the apparently serrated surface of the VP (flat arrowheads). The inset shows a higher magnification of the apical part of a single VP with the typical U-shaped apex (asterisk), which appears to be connected with the host cell through an electron-lucent contact zone (white arrowheads); interestingly, the protrusion appears fenestrated (also visible in the main image) possessing thorn-like structures (black arrows; the white arrow indicates a cross-sectional view) that could be responsible for the serration visible at lower magnification. CZ, cystozoites; HC, host cell; VP, villous protrusion.Fig. 2

3.3. Molecular and phylogenetic analyses of the 18S rRNA and COI genes {#sec3.3}
----------------------------------------------------------------------

For our molecular investigations we used muscle samples from three *Tupaia minor* and one specimen of *T*. *tana*. Samples of diaphragm and thigh musculature of two *T*. *minor and one T. tana* showed monoinfection with the morphologically new *Sarcocytis* sp. (sample IDs: E357-13, E364-13, E120-13; verified by extensive histological screening). This enabled us to confidently relate the retrieved sequences to the corresponding sarcocyst morphology.

We isolated two full-length sequences (two haplotypes) of the nuclear 18S rRNA gene of *Sarcocystis* sp. from muscle tissue of two different specimen of *Tupaia minor*, E357-13 (1820 nt) and E364-13 (1819 nt). Initial screening of published sequences using BLAST returned a relatively high degree of similarity with a *Sarcocystis zuoi* isolate from Thailand (KU341120; 98.17% and 97.82% similarity, respectively). The life cycle of *Sarcocystis zuoi* includes a colubrid snake, *Elaphe carinata*, as definitive host and rats of the genus *Rattus* as intermediate hosts ([@bib22]). Therefore, we included in our phylogenetic analyses all known sequences of *Sarcocystis* spp. from colubrid snakes, also different isolates from the same species to capture intraspecific variation. When using Maximum Likelihood (ML) or Bayesian Inference (BI; [Fig. 3](#fig3){ref-type="fig"}) for phylogeny reconstruction, the resulting tree topologies were similar: sequences E357-13 and E364-13 clustered together forming a distinct branch within a monophyletic clade, from which the basal species *S*. *singaporensis* branched off early, followed by *S*. *zamani* (both cycle between the reticulated python, *Malayopython reticulatus*, as definitive host and rats as intermediate hosts; [@bib5]) and a subclade that besides the sequences under investigation also contained *S*. *zuoi* and *S*. *clethrionomyelaphis* (which also develops in colubrid snakes; [@bib31]). Branch support for the new sequences from Bornean treeshrews was high in both types of analyses (ML, bootstrap: 94--100%; BI, posterior probability: 1.0). However, tree topologies under BI and ML differed in one aspect: under ML all three *S*. *zuoi* sequences clustered together in a well-supported monophyletic subclade (bootstrap support: 95--100%); under BI, *S*. *zuoi* from China formed a subclade with sequences E357-13/E364-13 ([Fig. 3](#fig3){ref-type="fig"}; posterior probability: 0.9) from which the Thai isolate of *S*. *zuoi* branched off separately (posterior probability: 1.0) rendering the *S*. *zuoi* isolates paraphyletic. The relative divergence time of the branching node of sequences E357-13/E364-13 (0.0059) was about twice as long as that of *S*. *zuoi* (0.0027) as determined using the RelTime method based on the ML algorithm implemented in MEGA-7: this indicated that speciation time (*sensu* [@bib21]) was different in comparison to *S*. *zuoi.* Both, divergence between sequences E357-13/E364-13 and *S*. *zuoi* and within the *S*. *zuoi* isolates was further confirmed by our results on evolutionary rates and Ti/Tv ratios (see below). Interestingly, we identified the sequence motif 5′-AAUUCGU-3' (located in helix V7, see below) in sequences E357-13/E364-13 and *S*. *zuoi* (Thailand and China), an apparent synapomorphy of the '*S*. *zuoi* group' of species since it was only present in these sequences, not occurring in *S*. *clethrionomyelaphis* and other taxa which shared a similar but one nt shorter motif.Fig. 3**Phylogenetic tree of nuclear 18S rDNA sequences of the Sarcocystidae, including the new Sarcocystis sp. from treeshrews (black symbols)**. Taxa of the Eimeriidae served as outgroup. Bayesian Inference was used for phylogeny reconstruction, whereby the general time-reversible substitution model (GTR + G + I) combined with an assumed among-site variation ('covariotide' model) was applied. Values for posterior probability are indicated behind nodes. Note that the new species is part of a monophyletic subclade previously tagged S1 ([@bib66]), which includes taxa known to prefer snakes as definitive and rodents as intermediate hosts. Sequences E357-13 and E364-13 are available at GenBank under MN733816 and MN733817, respectively.Fig. 3

Pair-wise sequence comparison showed that the two 18S rDNA isolates of the *Sarcocystis* sp. from *T*. *minor* exhibited nt substitutions at 24 positions, mostly transitions, which resulted in a relatively high Ti/Tv ratio (Ti/Tv = 4.0, distance according to Timura-Nei model: 0.017). Sequence E364-13 was different to *Sarcocystis zuoi* from Thailand (KU341120) at 35 positions (Ti/Tv = 1.92; distance = 0.030), while it exhibited 65 bp changes in comparison to *S*. *clethrionomyelaphis* (KP057504) (Ti/Tv = 1.83; distance = 0.075). Thus, in both interspecific comparisons Ti/Tv ratios were skewed towards transversions. Results for 18S rDNA sequence E357-13 were similar; except that ratios were even lower (1.50 and 1.43, respectively). A matrix of the Ti/Tv ratios is given in [Supplementary Table S1](#appsec1){ref-type="sec"}, also including examples of other apicomplexan species. Comparison of *S*. *zuoi* with *S*. *clethrionomyelaphis* revealed 47 bp changes and a relatively low Ti/Tv ratio of 1.24 (distance = 0.044). In contrast, intraspecific variability of the two haplotypes of *S*. *clethrionomyelaphis* (KP057504, KF309701) was associated with a relatively high Ti/Tv ratio (3.67), similar to the pair E357-13 and E364-13. While intraspecific variation among the sequences of *S*. *zuoi* from China (JQ029112, JQ029113) was very low lacking transitions, the 10 and 8 bp-changes between these two and sequence KU341120 from Thailand were associated with Ti/Tv ratios of 1.50 and 0.60, respectively, resembling values of interspecific variability (although not complete, the sequences from China included the anterior, variable part of the 18S rRNA gene). In view of the observed pattern among Ti/Tv ratios ([Table S1](#appsec1){ref-type="sec"}), we considered sequences E364-13 and E357-13 allelic variants of the 18S rRNA gene. Further evidence for this interpretation emerged when we tested evolutionary rates by Tajima\'s test, which compares two sequences with a third as outgroup ([@bib61]). While one could expect divergent paralogs to show significant evolutionary rate differences ([@bib6]), most of the intraspecific variation was not statistically significant, in particular between sequences E364-13 and E357-13. In contrast, interspecific comparisons revealed in most cases significantly different evolutionary rates ([Supplementary Table S2](#appsec1){ref-type="sec"}).

In addition, we mapped all bp changes between sequences E357-13 and E364-13 (intraspecific) and between E364-13 and *S*. *zuoi*/*S*. *clethrionomyelaphis* (interspecific) to the predicted secondary structure of the 18S rRNA of *Toxoplasma gondii* ([@bib15]) ([Fig. 4](#fig4){ref-type="fig"}). While intraspecific variation mainly occurred in helices V4, V2 and V7 (in decreasing order of frequency), interspecific variation was mainly observed in helices V2, V4, and V9, respectively. In both cases, most of the substitutions could be mapped to helices V2 and V4 (cumulatively 67% and 70%, respectively). However, a major difference between intra- and interspecific sequence variability pertained to Ti/Tv ratios of helices V2, V4, and V9, which were characterized by higher proportions of transversions in interspecific comparison ([Fig. 4](#fig4){ref-type="fig"}). Additionally, bp changes between species in these domains were mostly parsimony-informative, while intraspecific variability was mainly due to transitions that were often not parsimony-informative. Using E357-13 for interspecific comparison showed similar results.Fig. 4**Mapping (to the *Toxoplasma gondii* reference molecule M97703) of frequencies (%) of base pair changes observed in sequence comparisons of nu clear 18S rDNA within the new *Sarcocystis* sp. from treeshrews (intraspecific variation: isolates E364**--**13 versus E357**--**13) and between the new species and *Sarcocystis zuoi* and/or *S*. *clethrionomyelaphis* (interspecific variation: E364**--**13 versus *S*. *zuoi*/*clethrionomyelaphis*)**. Results were combined for the two latter species to simplify the graph. Here, 87.2% of 2118 alignment positions showed moderate to high levels of consistency, while sections of ambiguous alignment did not relate to the species under investigation. Due to gaps in the alignment, not all of the observed nt changes could be mapped to a homologous position of the reference molecule (i.e., 7 out of 24 bp changes in intraspecific comparison; 33 out of 74 bp changes in interspecific comparison), in which case the position of each nt relative to the helix was inferred from neighboring nt for which such position was known. Gaps were mainly due to insertions in helices V2, V4, and V9 rendering E357-13/E364-13 longer than the sequence of *T*. *gondii*. The percentage of parsimony-informative (pi) bp changes per helix is shown for helices V1, V2, V4, V7, and V9 above each column. Also shown is the ratio of transitions versus transversions (Ti/Tv) for selected helices.Fig. 4

When we excluded hypervariable helices V2 and V4 from phylogenetic analysis (which has been recommended for V4 for instance; [@bib37]) by using only the posterior half of sequence E357-13 (about 800 nt), phylogenetic inference by ML using truncated sequences of all taxa returned a tree topology that could not distinguish between *S*. *zuoi* and the species from treeshrews. A subsequent BLAST search using truncated E357-13 returned a 99.6% match with *S*. *zuoi* (KU341120), a value that was misleading in light of the full sequence.

We amplified five partial sequences Cytochrome Coxidase subunit 1 gene (COI), three from *Tupaia minor* (E364-13, 938 nt; E357-13, 944 nt, E351C-13, 908 nt) and two from *T*. *tana* (E120-13, 976 nt; E120B-13, 941 nt). Although length-variable, all sequences were 100% identical in pair-wise comparisons (one haplotype) despite origin from different host individuals and species. Initial BLAST search returned a 'best match' of 95.4% with *Sarcocystis canis* (KX721496) and *S*. *pantherophisi* (KU891603), which indicated that the sequences probably belonged to a previously unknown species. However, due to lack of relevant (see 18S rRNA analysis) COI sequences, we included in our phylogenetic analysis mainly taxa that ranked high in the BLAST results, furthermore *Sarcocystis* spp. with a carnivoran-ruminant life cycle, and out-group taxa for rooting the tree. Under Maximum Likelihood (ML) analysis, the *Sarcocystis* sp. from treeshrews was part of a monophyletic clade of *Sarcocystis* spp. from various hosts, which was split into a branch containing the new species and another including the rest of the taxa ([Fig. 5](#fig5){ref-type="fig"}). Notably, (identical) sequences E357-13, E364-13, and E120B-13 assumed a sister species position with regard to *S*. *pantherophisi* (and the partial sequence of *S*. *canis* that was identical with *S*. *pantherophisi*), which in 18S rRNA trees is an indicator-species of the S2 lineage of *Sarcocystis* spp. with snake-rodent life cycle ([@bib66]). Interestingly, the Toxoplasmatinae formed a monophyletic clade that separated the *Sarcocystis* spp. of ruminants (as intermediate hosts) from the other *Sarcocystis* spp., rendering the Sarcocystinae paraphyletic ([Fig. 5](#fig5){ref-type="fig"}); bootstrap support for this scenario was relatively weak (62--74%). Such a tree topology has been observed previously for the tissue coccidia and was attributed to potential lack of key species ([@bib44]). We were able to remedy this situation by excluding the 3rd codon position from phylogenetic analysis, which resulted in almost the same tree, but rendered the Toxoplasmatinae and Sarcocystinae as separate, monophyletic subclades of the Sarcocystidae.Fig. 5**Phylogenetic tree based on analysis of mitochondrial COI sequences of the Sarcocystidae including the new *Sarcocystis* sp. examined in this study (black symbols)**. Other taxa of the Apicomplexa served as root. Evolutionary history was inferred by the Maximum Likelihood (ML) method based on the Tamura-Nei model, whereby 619 positions were included in the final data set. All positions with less than 95% site coverage were eliminated; that is, fewer than 5% alignment gaps, missing data, and ambiguous bases were allowed at any position. Bootstrap percentages (1000 iterations) are shown next to branches. COI sequences E357-13 and E120-13 (not shown in the tree) are available at GenBank (MN732561 and MN732562, respectively).Fig. 5

Because the barcode area of COI is of global importance for comparison of species ([@bib47]) and amplification of nuclear pseudogenes may complicate analysis ([@bib16]), we compared the aa composition of our translated consensus sequence (978 nt) with COI sequences of selected taxa of the Sarcocystidae. It comprised 326 aa residues (full CDS of *T*. *gondii*: 496 aa), of which 181 were conserved and 145 variable (113 parsimony informative) among six taxa compared (see footnote of [Table 1](#tbl1){ref-type="table"}). The sequence started with Glycine and was in large parts identical with the CDS of *T*. *gondii*; the nt sequence did not contain stop codons. Details of the COI protein sequence of the *Sarcocystis* sp. from treeshrews with regard to functionally important, structural elements of the barcode area are presented in [Table 1](#tbl1){ref-type="table"}. This part of the sequence is shorter, spanning 235 aa without gaps between the elements. Although a part of the anterior end of the barcode area was missing, we identified most of the 23 highly conserved aa of the six alpha-helices of COI including the loop regions ([Table 1](#tbl1){ref-type="table"}). The protein sequence of the new *Sarcocystis* sp. exhibited three aa substitutions that were not shared with any of the other species, but due to lack of sequences from closely related taxa it is unclear if these changes are species-specific. Interestingly, we observed a relatively high frequency of Serine residues (16.8% versus 12.5% of *T*. *gondii*., 7.5% of *S*. *cruzi*, and 5.0% of *S*. *tenella*) among the 113 parsimony-informative aa of our partial sequence, while the situation was opposite with regard to Alanine (6.2% versus 10.0%, 17.5%, and 19.2%, respectively). Interspecific differences between other aa were less pronounced. When this type of analysis was applied to the area of the functionally important elements (235 aa), results were similar: Serine accounted for 11.9% (versus 9.8% in *T*. *gondii*, 7.2% in *S*. *cruzi*, and 6.8% in *S*. *tenella*) and Alanine for 2.6% of the residues (versus 4.3%, 10.2%, and 8.1%, respectively). This pattern in variation of Serine and Alanine counts between species was highly significant (Chi-square = 16.956, d.f. = 3, *P* ≤ 0.001) suggesting that there exists a linkage between the frequency variation of the two aa. Another statistically highly significant relationship was observed between Alanine and Isoleucine (Chi-square = 14.554, d.f. = 3, *P* = 0.002).Table 1**Protein sequences of the COI barcode elements as translated from nt sequence E357**--**13 of the *Sarcocystis* sp. isolated from *Tupaia minor* (GenBank: MN732561)**. Three amino acid positions different to those of other taxa of the Sarcocystidae[a](#tbl1fna){ref-type="table-fn"} are shown in bold-italic letters; universally conserved aa are underlined. Note that not all of the 23 universally conserved aa across the tree of life ([@bib47]) are present in COI of the parasite. IUPAC code for aa is used.Table 1COI barcode elementProtein sequenceStart position in sequenceUniversally conserved amino acids[b](#tbl1fnb){ref-type="table-fn"}Helix 1(initial 19 aa missing) GTLMSNMI[R]{.ul}VELS1Y-RLoop 1-2S***T***GSRIICV14Helix 2ESISTYNVIITL[H]{.ul}GLSMI[F]{.ul}MFLM[P]{.ul}ALYAGFG[N]{.ul}YFV[P]{.ul}IY23H-FF-P-G-N-PLoop 2-3IGSSEVVY61DHelix 3[PR]{.ul}I[N]{.ul}AVSYFLVPLGSILVMQSII69PR-NLoop 3-4SEFGSGMG[WT]{.ul}M[YPP]{.ul}LSTSLMTLN92WT-YPPHelix 4TESVDWIISGL***G***IL[G]{.ul}ISSVLGSI[N]{.ul}FLGTCLFL115H-G-NLoop 4-5GAVSGCRPNI147Helix 5LYIWAI***M***FTAIMLILTLPILTGGLVMLLM[D]{.ul}LHT157DLoop 5-6NSEFYDSMYS[G]{.ul}D190GHelix 6SVLYQHLFWFFGHPEVYILILPGFGVISQTLSTY202[^1][^2]

3.4. Description and taxonomic summary {#sec3.4}
--------------------------------------

*Sarcocystis scandentiborneensis* sp. nov. ([Fig. 1](#fig1){ref-type="fig"}, [Fig. 2](#fig2){ref-type="fig"}, [Fig. 3](#fig3){ref-type="fig"}, [Fig. 4](#fig4){ref-type="fig"}, [Fig. 5](#fig5){ref-type="fig"}, [Table 1](#tbl1){ref-type="table"}).

*Diagnosis*: Microscopic sarcocysts (about 500 × 50 μm and smaller in histological sections) in skeletal muscles of treeshrews (Scandentia). Cyst wall striated with brush-like appearance, thickness variable (average 4--5 μm, maximal 10 μm), including a very thin layer of GS (about 0.3 μm) and finger-like VP, that are tightly packed, their tip revealing an electron-dense, U-shaped apex at ultrastructural level. VP contain longitudinally oriented microtubules that extend to the GS and show thorn-like structures on the surface. Loosely packed cystozoites in chambers delineated by thin septae have a maximum length of 6.7 μm in H&E-stained sections.

Taxonomic summary

*Type (natural) intermediate host*: *Tupaia minor* (lesser treeshrew) and *T. tana* (large treeshrew).

*Definitive host:* Unknown.

*Type locality*: Poring Hot Springs, Northern Borneo, Sabah, Malaysia.

*Other locations*: Unknown.

*Etymology*: Species named after the order of the intermediate host (Scandentia) and the geographic location of collection.

*Specimens deposited*: Striated muscle specimens from eleven *Tupaia* sp. individuals are deposited at the Sabah Parks Museum, Kinabalu Park, Borneo, Malaysia and the Museum für Naturkunde -- Leibniz Institute for Evolution and Biodiversity Science (MfN), Berlin, Germany, including: tissue sections stained with H&E and Richardson\'s staining and ethanol-fixed, paraffin embedded as well as resin embedded muscle tissue, and extracted DNA stored at −80 °C. Sarcocysts in tissue samples from *Tupaia minor* E357-13 are considered the holotypus of *Sarcocystis scandentiborneensis* sp. nov. with the MfN registration number ZMB-Protoz 66. The other deposited samples serve as paratypes with the MfN registration number ZMB-Protoz 67.

*Sequences deposited*: Nuclear 18S rDNA: full-length sequences E357-13 (MN733816) and E364-13 (MN733817); mitochondrial COI: partial sequences E120-13 (MN732562) and E357-13 (MN732561).

*ZooBank registration number* (<http://zoobank.org/References/>): C0DCC101-235B-41E0-97 EB-45ABB74517F6.

3.5. Taxonomic remarks {#sec3.5}
----------------------

The ultrastructure of the sarcocyst wall is in many cases a useful criterion for distinguishing between species of *Sarcocystis* ([@bib8]). The sarcocyst wall of the species under investigation is ultrastructurally as well as histologically distinct from the only other *Sarcocystis* sp. known to occur in treeshrews: *S. tupaia*, found in *Tupaia belangeri chinensis* from Yunnan, China ([@bib72]). Although our TEM results were not optimal due to ethanol-fixation, the ultrastructural details nevertheless permit comparison and categorization of wall morphology ([@bib8]). While *S*. *tupaia* possesses a smooth type 1 wall ([@bib72]), the ultrastructure of the present species clearly reveals a thick striated wall with VP that share structural elements with the tightly packed protrusions of wall type 12. Because our phylogenetic results indicate a sister taxon relationship with three previously described *Sarcocystis* species that undergo a snake-rodent life cycle ([@bib57]; [@bib22], [@bib23], [@bib24]; [@bib66]), morphological comparison with those species is implicit: *S*. *singaporensis*, *S*. *clethrionomyelaphis*, or *S*. *zuoi* all possess spatula or finger-like VP, but ultrastructurally they do not match with the new species. There is also no match with another nine, relatively thick-walled snakehost *Sarcocystis* spp. as accounted for in [@bib8] and discussed by [@bib65]: *S*. *acanthocolubri*, *S*. *gongyli*, *S*. *lacertae*, *S*. *podarcicolubris*, *S*. *stenodactylicolubris*, *S*. *hoarensis*, *S*. *murinotechis*, *S*. *muriviperae*, and *S*. *villivillosi* (*S*. *zamani* cannot be included here, since it exhibits a quite thin cyst wall; [@bib5]). Furthermore, unlike *S*. *zuoi*, *S*. *clethrionomyelaphis*, and representatives of the S2 lineage of snakehost *Sarcocystis* ([@bib66]) such as *S*. *pantherophisi* ([@bib65]) and *S*. *eothenomysi* ([@bib23]), cystozoites of the *Sarcocystis* sp. infecting Bornean treeshrews are markedly smaller: similar in size to species with a snake-lizard life cycle, where cystozoites are between 4 and 7 μm long ([@bib32]; [@bib1]; [@bib34]; [@bib39]). Biologically, the full life cycle of the new species remains unknown, since we could not identify a definitive host. However, our phylogenetic results on the 18S rRNA gene suggest a snake as definitive host (see below). Regarding intermediate host specificity, our trapping results provide some insight: none of the murid rodent species captured in the same location was infected with the new *Sarcocystis* sp. from tree shews, suggesting that the Scandentia are the preferred hosts. Molecularly, the *Sarcocystis* sp. described here forms a close sister species relationship with *Sarcocystis* spp. with colubrid snake-rodent life cycle in 18S rDNA phylogenies. Our phylogenetic and molecular results indicate that the species from Borneo is distinct from *S*. *zuoi*; it also appears likely that *S*. *zuoi* reported from Thailand may be a different species, if one considers the topology of the BI tree, Ti/Tv ratios, and differences in evolutionary rates between sequences. Preliminary reconstruction of the COI gene tree suggests a sister-species relationship with *S*. *pantherophisi* (KU891603), but due to lack of COI sequences from closely related species this part of the tree can currently not be resolved. The question why the partial COI sequence of *S*. *canis* is identical to *S*. *pantherophisi*, including the potential taxonomic implications, is beyond the scope of this study. Considering all morphological, biological, and molecular aspects of the taxa compared, we regard *S*. *scandentiborneensis* a new species.

4. Discussion {#sec4}
=============

Our results clearly indicate that *Sarcocystis scandentiborneensis* belongs to a different genetic lineage than *S*. *tupaia* with regard to its 18S rDNA sequence, expanding the S1 subclade of *Sarcocystis* spp. with snake-rodent life cycle ([@bib66]) to include a new host order, the Scandentia. The observation that *S*. *scandentiborneensis* infects treeshrews showcases that taxon sampling in this group of *Sarcocystis* spp. was insufficient until today to infer pattern of host sharing and shifting ([@bib71]), so that finding a *Sarcocystis* sp. of this genetic lineage that utilizes a non-rodent intermediate host was overdue. Because host sampling has been largely focussed on murid rodents, particularly in Southeast Asia ([@bib27]; [@bib25]; [@bib45]; [@bib13]), future examination of other Rodentia (e.g., squirrels) or non-rodent taxa (e.g., Lagomorpha, Eulipothyphla) likely to be predated by suitable definite hosts to close transmission cycles could reveal interesting insights into the host spectrum of already known and new *Sarcocystis* spp. in the wild. The natural definitive hosts of *S*. *tupaia* and *S*. *scandentiborneensis* are unknown ([@bib72]; [@bib8]). However, it would come as no surprise if both used snakes as definitive hosts. While phylogenetic tree topology implies this for *S*. *scandentiborneensis*, it has to be noted that *S*. *tupaia* is a member of a subclade of the Sarcocystinae (in 18S rRNA trees) that also includes species like *S*. *lacertae* and other snakehost *Sarcocystis* spp. ([@bib63]; [@bib2]). In the wild, *T*. *minor*, *T*. *tana* and other treeshrews do fall prey to snakes that co-exist in their habitats in trees as well as understory of the dipterocarp forests of Borneo ([@bib12]). Among the various colubrid species occurring in Borneo, the mangrove snake (*Boiga dendrophila*) has been spotted as predator of treeshrews ([@bib40]).

Accurate sequence alignment is a major pre-requisite for phylogeny reconstruction, and each multiple sequence alignment is ultimately a statement of homology ([@bib4]). We have chosen a computerized approach to alignment ([@bib35]; [@bib64]), because some of the length-variable sections of the 18S rDNA have been difficult to align ([@bib37]) and we wanted to rely on a process with a high degree of objectivity and reproducibility ([@bib4]). Previous work has already shown that an RNA structural template-based multiple alignment can resolve well basal and crown species in phylogenetic trees of the Sarcocystidae ([@bib66]). In combination with mapping of nt variability to the secondary structure of the rRNA and analyzing Ti/Tv ratios, we think that this approach facilitated important insights into the intra- and interspecific variability of the *Sarcocystis* lineage under investigation, without which it would have been difficult to distinguish between *S*. *scandentiborneensis* and *S*. *zuoi* at the molecular level, albeit their distinct sarcocyst morphologies. A previous analysis revealed a relatively high level of intraspecific variability of the 18S rDNA of *S*. *singaporensis* that did not prevent, however, the formation of a monophyletic clade of the various haplotypes ([@bib56]). We agree with [@bib11] that high intraspecific variability of nuclear 18S rDNA due to paralogous sequences complicates molecular identification of coccidian parasites. Nevertheless, this should not discourage future phylogenetic study of this gene. If one assumes that the so-called 'birth-and-death' model of evolution applies generally to the rRNA multi-gene family of the Apicomplexa ([@bib52]), one would expect to observe the hallmarks of that model, i.e. interspecific gene clustering and presence of pseudogenes ([@bib42]; [@bib9]). While nothing is known about pseudogenes (non-functional gene copies) among the *Sarcocystis* spp. examined here, the existence of paralogs (gene duplicates) has been suggested for *S. singaporensis* ([@bib56]). Interspecific sequence clustering of 18S rDNA has been especially observed among *Plasmodium* spp. ([@bib52]) and highly divergent paralogs were found in *Cryptosporidium* ([@bib59]). In view of the 'birth-and-death' model and based on our preliminary analysis of Ti/Tv ratios among apicomplexan taxa, we hypothesize that allelic variants or recent paralogs of the 18S rDNA may be generally characterized by higher Ti/Tv values or presence of transitions only, while comparison of orthologs and older paralogs (where nt substitutions have accumulated over time) would yield values similar to or lower than the average interspecific ratio determined for 56 alveolate protists (i.e., 1.85; [@bib30]). This hypothesis is in line with the observation that paralogs may be associated with stage-specific functions in *Plasmodium* ([@bib33]). It has been shown recently that transversions have larger regulatory effects, e.g. on binding of transcription factors, than transitions in non-protein-coding DNA ([@bib19]). Taken together, this could potentially render Ti/Tv ratios and other structural information of the 18S rRNA gene (for example if parsimony-informative substitutions relate to functionally constrained parts of the molecule) useful tools for studying evolution and functional diversification at species or subspecies level, provided that paralogous sequences and pseudogenes are identified as such ([@bib6]). As experienced in this study, it is necessary to use complete or nearly complete sequences of 18S rDNA for such analyses. In view of an average speciation time of eukaryotic species of about two million years ([@bib21]), one might appreciate additional information supplementing phylogenetic trees since divergence in shorter periods of time may not lead to real species but could reflect phenotypic adaptations of transitional populations or subspecies ([@bib21]).

Despite the issue regarding paralogs, phylogeny reconstruction in the phylum Apicomplexa has been for a long time solely based on the 18S rRNA gene, mainly because of its universal applicability to the tree of life ([@bib36]; [@bib73]). For discrimination of species of the Sarcocystidae the 18S RNA gene has been generally regarded useful ([@bib10]; [@bib38]), but there exist limitations since certain lineages can be resolved better than others ([@bib38]). For instance, the carnivoran-ruminant and snake-rodent *Sarcocystis* spp. (including the species described here) show higher evolutionary rates and can be better resolved than the cluster of *Sarcocystis* spp. that includes *S. neurona* ([@bib38]). This is confirmed by the present study, where what we call the '*S*. *neurona-*group' of species showed short branch lengths and remained largely polytomic under BI. Also, other sequences such as 28S rRNA, COI, ITS1, and the *rpoB* gene have shown mixed results in resolving this group ([@bib18]; [@bib28]). Thus, we believe that the problem of resolving this part of the tree also extends to other genes and may be best addressed by multigene phylogenetic reconstruction ([@bib14]).

Thus far, we find COI useful for delineation of S*arcocystis* spp. of the snakehost lineages. However, the number of related taxa for which COI has been sequenced is still too small for reliably drawing conclusions on the position of *S*. *scandentiborneensis* in the phylogenetic tree and comparing COI with the 18S rRNA gene. Since we amplified five identical sequences of COI from five different hosts, this suggests that this gene shows no or little intraspecific variability within the given parasite population. This is in line with results from *Sarcocystis* spp. from ruminants where on average 0 to 9 nt differences occurred over a 1020 bp region ([@bib17]). Furthermore, a recent study of six *Sarcocystis* spp. infecting roe deer showed that COI intraspecific variability coincided with intraspecific variability of the 18S rRNA gene, rendering species-, not gene-specific genetic variability ([@bib53]). Future sampling however has to show whether low variability is true for the entire geographical distribution and host range of *S*. *scandentiborneensis* and related species. Species-specificity and low variability of the sequence would certainly support the concept of 'barcoding' of the animal tree of life, for which COI has been selected ([@bib20]). We can confirm that the barcode fragment of 219 amino acids ([@bib47]) is part of the COI sequence of *S. scandentiborneensis* (except for a few initial aa that are missing). In view of expanding the tools for characterization of species, this could be studied in the future under the functionally important aspect of COI being located at the core of energy production within cells ([@bib58]), whereby the Apicomplexan Cytochrome C oxidase complex differs substantially in its protein composition from the hosts they infect ([@bib54]). For instance, our preliminary analysis suggests that there may be considerable interspecific variability of COI regarding the frequency of Alanine and Serine among taxa of the Sarcocystidae. Substitutions involving these two aa have been implicated as functionally important ([@bib55]).
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[^1]: *Sarcocystis tenella* (GenBank [KC209723](ncbi-n:KC209723){#intref0030}; included in the barcode database BOLD under accession number JRPAA5858-15, <http://www.boldsystems.org>), *S. cruzi* (DQ084533), *S. singaporensis* (T.J.; unpublished sequence), *Toxoplasma gondii* (KM657810); the full CDS of *T*. *gondii* as published by [@bib41] was used to select the correct open reading frame.

[^2]: Alignment with the aa sequence of *Bos taurus* (AF493542) facilitated identification of the aa of the barcode area that are conserved across the tree of life.
